Introduction {#Sec1}
============

Understanding the production and properties of top quarks is fundamental for testing the quality of the standard model (SM) and for searching for new physical phenomena beyond its scope. The large top quark data samples produced in proton--proton (pp) collisions at the CERN LHC provide access to precision measurements that are crucial for checking the internal consistency of the SM at the LHC energy scale. In particular, measurements of the top quark pair ($\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm{t}}\overline{{\mathrm{t}}}$$\end{document}$ kinematic observables are important for comparing with the state-of-the-art quantum chromodynamic (QCD) predictions within the SM, and thereby constrain QCD parameters. In addition, the top quark plays a relevant role in theories beyond the SM, and such differential measurements are therefore expected to be sensitive to new phenomena \[[@CR1]\].
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                \begin{document}$$\,\text {TeV}$$\end{document}$. The analysis uses data recorded in 2012 corresponding to an integrated luminosity of $\documentclass[12pt]{minimal}
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                \begin{document}$$19.7 \pm 0.5{\,\text {fb}^{-1}} $$\end{document}$, which is about a factor of four larger than the sample used in the measurement performed by the CMS Collaboration at 7$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {TeV}$$\end{document}$  \[[@CR5]\]. The analysis largely follows the procedures of Ref. \[[@CR5]\] and benefits from the increase in statistical precision together with improvements in kinematic reconstruction algorithms and extended systematic studies, leading to a significant reduction of the total uncertainties.

The measurements are performed in $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell = \mathrm {e}\text { or }\mu $$\end{document}$), which contain a single isolated charged lepton and at least four jets in the final state, and in dilepton channels, with two oppositely charged leptons ($\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm{t}}\overline{{\mathrm{t}}}$$\end{document}$ cross section is determined as a function of the kinematic properties of the top quarks and of the $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm{t}}\overline{{\mathrm{t}}}$$\end{document}$ system, as well as of the leptons and jets associated with bottom (b) quarks (b jets) from top quark decays.

The kinematic properties of top quarks are obtained through kinematic-fitting and reconstruction algorithms. The normalized differential $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm{t}}\overline{{\mathrm{t}}}$$\end{document}$ signal events in each bin of a given observable, correcting for detector effects and acceptance, and dividing by the measured total inclusive $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm{t}}\overline{{\mathrm{t}}}$$\end{document}$ event rate. The latter is evaluated by integrating over all bins in each observable.

The results for directly measured quantities, such as kinematic properties of leptons and b jets, are presented in a fiducial phase space defined by the kinematic and geometric acceptance of all selected final-state objects. This avoids extrapolating the measured cross section into regions that are not experimentally accessible. In addition, the top quark and $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm{t}}\overline{{\mathrm{t}}}$$\end{document}$ distributions are determined in the full phase space, in order to facilitate the comparison with higher-order perturbative QCD calculations. The results are compared to several predictions obtained with the leading-order (LO) [MadGraph]{.smallcaps}  \[[@CR7]\] generator interfaced to [pythia]{.smallcaps}  \[[@CR8]\] for parton evolution and hadronization, the next-to-leading-order (NLO) generators [powheg]{.smallcaps}  \[[@CR9]--[@CR11]\], interfaced to both [pythia]{.smallcaps} and [herwig]{.smallcaps}  \[[@CR12]\], and [mc\@nlo]{.smallcaps} \[[@CR13]\] interfaced to [herwig]{.smallcaps}, and the latest NLO calculations with next-to-next-to-leading-logarithm (NNLL) corrections \[[@CR14], [@CR15]\], and approximate next-to-next-to-leading-order (NNLO) predictions \[[@CR16]\]. The approximate NNLO predictions can be computed with the [DiffTop]{.smallcaps} \[[@CR17]\] program.

This document is structured as follows. A brief description of the CMS detector is provided in Sect. [2](#Sec2){ref-type="sec"}. Details of the event simulation are given in Sect. [3](#Sec3){ref-type="sec"}, and event reconstruction and selection are discussed in Sect. [4](#Sec4){ref-type="sec"}. The estimated systematic uncertainties on the measurements of the cross section are described in Sect. [5](#Sec8){ref-type="sec"}. The results of the measurement are discussed in Sect. [6](#Sec11){ref-type="sec"}, followed by a summary in Sect. [7](#Sec14){ref-type="sec"}.

CMS detector {#Sec2}
============

The central feature of the CMS apparatus is a superconducting solenoid of 13$\documentclass[12pt]{minimal}
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                \begin{document}$$\text {\,T}$$\end{document}$. Within the field volume are a silicon-pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Charged particle trajectories are measured by the inner tracking system, covering a pseudorapidity range of $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<2.5$$\end{document}$. The ECAL and the HCAL surround the tracking volume, providing high-resolution energy and direction measurements of electrons, photons, and hadronic jets up to $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<5.2$$\end{document}$. The detector is nearly hermetic, allowing for energy balance measurements in the plane transverse to the beam directions. A two-tier trigger system selects the pp collisions for use in the analysis. A more detailed description of the CMS detector, together with a definition of the coordinate system and the relevant kinematic variables, can be found in Ref. \[[@CR18]\].

Event simulation and theoretical calculations {#Sec3}
=============================================

Event generators, interfaced with a detailed detector simulation, are used to model experimental effects, such as consequences of event reconstruction and choice of selection criteria, as well as detector resolution. The $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm{t}}\overline{{\mathrm{t}}}$$\end{document}$ sample is simulated using the LO [MadGraph]{.smallcaps} event generator (v. 5.1.5.11), which implements the relevant matrix elements with up to three additional partons. The [MadSpin]{.smallcaps}  \[[@CR19]\] package is used to incorporate spin correlation effects with matrix elements for up to three additional partons. The value of the top quark mass is fixed to $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{{\mathrm{t}}}=172.5\,\text {GeV} $$\end{document}$ and the proton structure is described by the parton distribution functions (PDF) CTEQ6L1 \[[@CR20]\]. The generated events are subsequently processed with [pythia]{.smallcaps} (v. 6.426, referred to as [pythia]{.smallcaps} 6 in the following) for parton showering and hadronization, and the MLM prescription \[[@CR21]\] is used for matching of matrix-element jets to parton showers. The CMS detector response is simulated using [Geant4]{.smallcaps} (v. 9.4) \[[@CR22]\].

In addition to the [MadGraph]{.smallcaps} prediction, calculations obtained with the NLO generators [mc\@nlo]{.smallcaps} (v. 3.41) and [powheg]{.smallcaps} (v. 1.0 r1380) are compared to the results presented in Sect. [6](#Sec11){ref-type="sec"}. While [powheg]{.smallcaps} and [mc\@nlo]{.smallcaps} are formally equivalent up to the NLO accuracy, they differ in the techniques used to avoid double counting of radiative corrections that can arise from interfacing with the parton showering generators. Two [powheg]{.smallcaps} samples are used: one is processed through [pythia]{.smallcaps} 6 and the other through [herwig]{.smallcaps} (v. 6.520, referred to as [herwig]{.smallcaps} 6 in the following) for the subsequent parton showering and hadronization. The parton showering in [pythia]{.smallcaps} 6 is based on a transverse-momentum-ordered evolution scale, whereas in [herwig]{.smallcaps} 6 it is angular-ordered. The events generated with [mc\@nlo]{.smallcaps} are interfaced with [herwig]{.smallcaps} 6. The [herwig]{.smallcaps} 6 AUET2 tune \[[@CR23]\] is used to model the underlying event in the [powheg]{.smallcaps}$\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$[herwig]{.smallcaps} 6 sample. The proton structure is described by the PDF sets CT10 \[[@CR24]\] and CTEQ6M \[[@CR20]\] for [powheg]{.smallcaps} and [mc\@nlo]{.smallcaps}, respectively. In addition, the latest available NLO$\documentclass[12pt]{minimal}
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Standard model background samples are simulated with [MadGraph]{.smallcaps} (without the [MadSpin]{.smallcaps} package), [powheg]{.smallcaps}, or [pythia]{.smallcaps} 6, depending on the process. The main background contributions originate from the production of W and Z/$\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$jets, respectively, in the following), single top quark (*s*-, *t*-, and tW channels), diboson (WW, WZ, and ZZ), $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm{t}}\overline{{\mathrm{t}}}+\text{Z/W/}{\gamma}$$\end{document}$ samples are simulated with [MadGraph]{.smallcaps} with up to two additional partons in the final state. The [powheg]{.smallcaps} generator is used for simulating single top quark production, while [pythia]{.smallcaps} 6 is used to simulate diboson and QCD multijet events. Parton showering and hadronization are also simulated with [pythia]{.smallcaps} 6 in all the background samples. The [pythia]{.smallcaps} 6 Z2\* tune \[[@CR26]\] is used to characterize the underlying event in both the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm{t}}\overline{{\mathrm{t}}}$$\end{document}$ and the background samples.

For comparison with the measured distributions, the event yields in the simulated samples are normalized to an integrated luminosity of 19.7$\documentclass[12pt]{minimal}
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Event reconstruction and selection {#Sec4}
==================================

The event selection is similar to that described in Ref. \[[@CR5]\] for the measurement of normalized differential $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ imbalance caused by the neutrinos that escape detection, and highly energetic jets. The identification of b jets through b-tagging techniques is used to increase the purity of the selected sample. The event selection in each channel is optimized to maximize the content of $\documentclass[12pt]{minimal}
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Lepton, jet, and missing transverse energy reconstruction {#Sec5}
---------------------------------------------------------

Events are reconstructed using a particle-flow technique \[[@CR34], [@CR35]\], which combines signals from all subdetectors to enhance the reconstruction and identification of individual particles observed in pp collisions. Charged hadrons from pileup events, i.e. those originating from additional pp interactions within the same bunch crossing, are subtracted on an event-by-event basis. Subsequently, the remaining neutral-hadron component from pileup is accounted for through jet energy corrections \[[@CR36]\].

Electron candidates are reconstructed from a combination of the track momentum at the main interaction vertex, the corresponding energy deposition in the ECAL, and the energy sum of all bremsstrahlung photons attached to the track \[[@CR37]\]. The candidates are required to have $\documentclass[12pt]{minimal}
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Event selection {#Sec6}
---------------
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After these selection steps, several basic distributions in $\documentclass[12pt]{minimal}
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---------------------------------------------------------------------------------------------

The kinematic properties of the top quark pair are determined from the four-momenta of all final-state objects through kinematic reconstruction algorithms. These algorithms are improved versions of those described in Ref. \[[@CR5]\].
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The dilepton channels use an algebraic kinematic reconstruction method \[[@CR5], [@CR45]\]. The only unknowns are the three-momenta of the two neutrinos, which are reconstructed imposing the following kinematic constraints: $\documentclass[12pt]{minimal}
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In general, the data are reasonably well described by the simulation within the uncertainties. For both channels, the measured $\documentclass[12pt]{minimal}
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Following the event selection described in Sect. [4.2](#Sec6){ref-type="sec"} and the kinematic reconstruction of the $\documentclass[12pt]{minimal}
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In the dilepton channels, 10,678 events are found in the $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec8}
========================

The measurement is affected by systematic uncertainties that originate from detector effects and from theoretical assumptions. Each source of systematic uncertainty is assessed individually by changing the corresponding efficiency, resolution, or scale by its uncertainty, using a prescription similar to the one followed in Ref. \[[@CR5]\]. For each change made, the measured normalized differential cross section is recalculated, and the difference of the changed result relative to its nominal value in each bin is taken as the systematic uncertainty. The overall uncertainty on the measurement is obtained by adding all the contributions in quadrature, and is of the order of 3--10 %, depending on the observable and the bin. A detailed description of this is given in Sects. [5.1](#Sec9){ref-type="sec"} and [5.2](#Sec10){ref-type="sec"}. The typical representative values of the systematic uncertainties in the normalized differential cross sections are summarized in Table [1](#Tab1){ref-type="table"}.

Experimental uncertainties {#Sec9}
--------------------------

The efficiencies of the single-electron and single-muon triggers in the $\documentclass[12pt]{minimal}
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The kinematic reconstruction of top quarks is well described by the simulation, and the resulting uncertainties are small. In the case of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\ell +$$\end{document}$jets analysis, the uncertainty of the kinematic fit is included in the changes in jet energy scales and resolutions, and in the uncertainty on the dependence on the top quark mass (cf. Sect. [5.2](#Sec10){ref-type="sec"}). In the dilepton analysis, the bin-to-bin uncertainty is determined from the small remaining difference in efficiency between simulation and data.

The pileup model estimates the mean number of additional pp interactions to be about 20 events per bunch crossing for the analyzed data. This estimate is based on the total inelastic proton--proton cross section, which is determined to be 69.4 $\documentclass[12pt]{minimal}
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Uncertainties in modelling {#Sec10}
--------------------------

The impact of theoretical assumptions on the measurement is determined, as indicated previously, by repeating the analysis and replacing the standard [MadGraph]{.smallcaps}$\documentclass[12pt]{minimal}
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The uncertainty in modelling of the hard-production process is assessed through changes in the renormalization and factorization scales in the [MadGraph]{.smallcaps} sample by factors of two and 0.5 relative to their common nominal value, which is set to the *Q* of the hard process. In [MadGraph]{.smallcaps}, *Q* is defined by $\documentclass[12pt]{minimal}
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Normalized differential cross sections {#Sec11}
======================================
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Effects from trigger and detector efficiencies and resolutions leading to the migration of events across bin boundaries, and therefore to statistical correlations among neighbouring bins, are corrected by using a regularized unfolding method \[[@CR5], [@CR48], [@CR49]\]. For each measured distribution, a response matrix is defined that accounts for migrations and efficiencies using the simulated [MadGraph]{.smallcaps}$\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$ minimization technique. A smoothing prescription (regularization) is applied to prevent large unphysical fluctuations that can be introduced when directly inverting the response matrix. The strength of the regularization is determined and optimized individually for each distribution using the averaged global correlation method \[[@CR50]\]. To keep the bin-to-bin migrations small, the widths of bins in the measurement are chosen according to their purity (ratio of the number of events generated and reconstructed in a particular bin to the total number of events reconstructed in that bin; this quantity is sensitive to migrations into the bin) and stability (ratio of the number of events generated and reconstructed in a particular bin to the number of events generated in that bin; this is sensitive to migrations out of the bin). The purity and stability of the bins in this analysis are typically 60 % or larger, mainly due to the improvements in the kinematic reconstruction methods discussed in Sect. [4.3](#Sec7){ref-type="sec"}.

The performance of the unfolding procedure is tested for possible biases from the choice of the input model (the [MadGraph]{.smallcaps}$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$+$$\end{document}$[pythia]{.smallcaps} 6 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm{t}}\overline{{\mathrm{t}}}$$\end{document}$ signal simulation). It is verified that, either by reweighting the signal simulation or injecting a resonant $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm{t}}\overline{{\mathrm{t}}}$$\end{document}$ peak into the simulation of the signal, the unfolding procedure based on the nominal response matrices still recovers these altered shapes within statistical uncertainties. Moreover, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm{t}}\overline{{\mathrm{t}}}$$\end{document}$ samples simulated with [powheg]{.smallcaps}$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$+$$\end{document}$[pythia]{.smallcaps} 6 and [mc\@nlo]{.smallcaps}$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$+$$\end{document}$[herwig]{.smallcaps} 6 are used to obtain the response matrices applied in the unfolding when determining the systematic uncertainties of the model (cf. Sect. [5.2](#Sec10){ref-type="sec"}). Therefore, possible effects from the unfolding procedure are already taken into account in the systematic uncertainties. The unfolded results are found to be consistent with those obtained using other regularization techniques \[[@CR49]\].

The measurement of the normalized differential cross sections proceeds as follows. For each kinematic distribution, the event yields in the separate channels are added together, the background is subtracted, and the unfolding is performed. It is verified that the measurements in separate channels yield results consistent within their uncertainties. The systematic uncertainties in each bin are determined from the changes in the combined cross sections. This requires the full analysis to be repeated for every systematic change, and the difference relative to the nominal combined value is taken as the systematic uncertainty for each bin of each observable. This method therefore takes into account the correlation among systematic uncertainties in different channels and bins.
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All values of normalized differential cross sections, including bin boundaries, are provided in tables in the supplemental material (URL will be inserted by publisher)

Lepton and b jet differential cross sections {#Sec12}
--------------------------------------------
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